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Abstract 

This  paper  is  an  overview  of  the  progress  recently  achieved  in  our  laboratory  in  the  development  and  application  of  four  in  situ  methods; 
namely  X-ray  diffraction  (both  synchrotron-based  and  standard),  Raman  microscopy,  differential  electrochemical  mass  spectrometry  (DEMS), 
and  infrared  spectroscopy.  We  show  representative  results  on  graphite  electrodes  for  each  method  as  an  illustration,  in  particular  (i)  the  influence 
of  the  lithium  intercalation  and  graphite  exfoliation  on  the  shift  of  the  (0  0  2)-reflection  of  graphite,  (ii)  Raman  single  point  and  mapping 
measurements  of  graphite  surface,  (iii)  gas  evolution  during  solid  electrolyte  interphase  (SEI)  formation  on  graphite  electrodes,  and  (iv)  the 
development  of  infrared  spectra  during  the  SEI  formation  in  y-butyrolactone  based  electrolytes. 
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1.  Introduction 

In  lithium-ion  batteries,  carbonaceous  materials  are  used 
in  both  electrodes.  In  the  negative  electrode  the  carbonaceous 
material  stores  lithium  ions  [1].  Nowadays,  artiflcial  graphite 
is  used  in  advanced  batteries  [2] .  It  is  the  preferred  material 
on  account  of  low  cost,  low  irreversible  charge  capacity,  out¬ 
standing  cycling  stability,  and  ability  to  provide  very  high 
currents  [3].  (Micro)structural  parameters  [4]  have  a  strong 
influence  on  the  lithium  intercalation  mechanism  into  car¬ 
bons  and  affect  their  electrochemical  behavior  [5] .  Moreover, 
the  electrode  potential  of  lithiated  carbon  is  far  beyond  the 
thermodynamic  stability  window  of  the  most  commonly  used 
organic  electrolytes.  Hence,  the  electrolyte  (either  liquid  or 
gelled)  is  reduced  forming  at  the  surface  of  the  negative  elec¬ 
trode  material  a  layer  called  the  solid  electrolyte  interphase 
(SEI)  [6] .  In  most  cases  gas  is  formed  at  the  carbon/electrolyte 
interface  at  the  same  time  [7-9].  Fortunately,  the  SEI,  once 
formed,  normally  prevents  further  reductive  electrolyte  de¬ 
composition  and  gas  formation.  A  clear  identification  of  the 
SEI  composition  and  its  formation  mechanism(s)  is  important 
for  thorough  understanding  and  optimization  of  lithium-ion 
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batteries.  The  SEI  layer  consists  of  decomposition  products 
of  electrolyte  salt  and  solvent(s)  [1,6,10-17].  Models  assume 
that  the  SEI  is  composed  of  two  major  constituents  described 
as  inorganic  and  organic  interpenetrating  layers  [1].  The  com¬ 
position  of  the  inorganic  layer  is  fairly  well  understood.  But 
complete  understanding  of  the  organic  layer  remains  a  chal¬ 
lenge  because  of  the  inevitable  exposure  of  the  SEI  film  to 
air  and/or  vacuum  which  occurs  when  using  common  ana¬ 
lytical  methods.  This  results  in  a  loss  of  volatile  (organic) 
components,  shrinkage  of  the  film,  and  even  in  changes  in 
the  chemistry  of  the  film.  Hence,  the  use  of  in  situ  analyti¬ 
cal  tools  is  advantageous.  In  the  following  text,  an  overview 
will  be  presented  of  the  progress  achieved  in  our  laboratory 
in  the  development  and  application  of  suitable  in  situ  meth¬ 
ods  during  the  last  five  years  since  our  first  overview  was 
published  [18].  For  each  method,  the  corresponding  electro¬ 
chemical  cell  will  be  depicted  and  a  representative  result  will 
be  reported. 

2.  In  situ  X-ray  diffraction 

Due  to  the  reversible  lithium  intercalation  into  graphite 
the  interlayer  distance  between  the  graphene  layers  increases 
moderately  (10.3%  was  calculated  for  LiC6)  [1,4,19].  In 
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contrast,  in  the  case  of  irreversible  processes  one  can  observe 
either  strong  lattice  expansion  (due  to  solvated  intercalation 
[20])  or  no  lattice  change  (due  to  cracking  of  the  particles  and 
electrical  isolation  of  most  of  the  active  mass  by  SEI  films 
due  to  strong  electrolyte  decomposition  [21]).  In  situ  X-ray 
diffraction  (XRD)  is  a  powerful  tool  to  monitor  the  structural 
evolution  of  active  battery  materials  during  cycling  without 
the  risk  of  contamination  or  degradation  of  the  materials.  In 
the  particular  case  of  lithium  intercalation  into  graphite  the 
XRD  method  provides  information  on  the  reversibility  of  the 
intercalation  process.  However,  great  care  must  be  exercised 
in  designing  the  cell.  This  is  because  XRD  probes  the  bulk  of 
the  particles  while  their  potential  is  determined  by  the  lithium 
concentration  at  the  particle  surface.  Thus,  rapid  equilibration 
of  the  entire  insertion  electrode  should  be  achieved  in  a  well- 
designed  cell.  Consequently,  the  current  density  distribution 
over  the  surface  of  the  working  electrode  should  be  uniform, 
while  the  internal  resistance  of  the  cell  should  be  minimized. 

The  use  of  synchrotron  light  is  particularly  suited  because 
the  X-ray  beam  shows  a  very  high  intensity  and  its  wavelength 
can  be  tuned.  The  PSI  synchrotron  is  unique  in  this  context 
because  of  its  very  high  beam  stability,  admitting  for  long 
time  measurement  series  without  difficulties  in  data  analy¬ 
sis.  The  high  intensity  of  the  beam  allows  the  use  of  a  stan¬ 
dard  electrochemical  arrangement  without  compromising  the 
electrochemical  properties  of  the  cell.  In  our  case  we  use 
“coffee-bag”  type  cells  (Fig.  1)  with  copper  grids  as  current 
collectors  for  both,  the  graphite  working  electrode  and  the 
lithium  counter  electrode.  (For  experiments  on  positive  elec¬ 
trode  materials  an  aluminum  grid  current  collector  is  used.) 
The  collection  is  very  fast;  one  diffraction  pattern  can  be  nor¬ 
mally  recorded  within  5-20  s.  As  an  example  we  present  in 
Fig.  2  a  synchrotron  in  situ  X-ray  diffraction  study  on  a  stan¬ 
dard  graphite  electrode  in  a  standard  battery  electrolyte,  1  M 
FiPF6  in  EC/DMC  (1:1,  w/w).  Indeed,  the  (0  0  2)-reflection 
of  graphite  shifts  to  lower  reflection  angles  during  lithium  in¬ 
tercalation.  The  observed  line  shift  confirms  the  intercalation 
of  naked  lithium  ions  without  their  solvation  shells  into  the 
graphite  indicating  a  highly  reversible  intercalation  process. 


Lithium  Counter  Electrode 


Copper  Grid 


Incident  X-Ray 
Beam 


Working  Electrode 

Thermoplastic  Bag 

Copper  Grid  (for  Graphites)  or 
Aluminum  Grid  (for  Oxides) 

Diffracted  X-Ray  Beam  ^ 

Microporous  PVdF  Separator 


°20  (l  =  0.7085  A) 

Fig.  2.  In  situ  synchrotron  X-ray  diffraction  patterns  of  standard  graphite; 
electrolyte  1  M  LiPF6  in  EC/DMC  (1:1,  w/w);  all  quoted  potentials  are  vs. 
Li/Li+;  OCP  =  open  circuit  potential. 


Apart  from  the  very  fast  spectra  collection,  the 
synchrotron-based  technique  faces  two  major  challenges,  the 
availability  of  the  beam  and  the  very  high  cost  of  the  syn¬ 
chrotron  beam  time.  A  number  of  X-ray  diffraction  studies 
can  be  performed  with  a  standard  laboratory  diffractometer  as 
well.  However,  the  cell  must  be  modified  and  the  time  nec¬ 
essary  for  recording  one  diffraction  pattern  is  significantly 
longer.  Our  in  situ  cell  (Fig.  3)  has  an  internal  arrangement 
which  resembles  that  of  a  coin  cell.  Thus,  the  current  density 
on  the  working  electrode  is  uniform.  The  material  of  the  cell 
body  is  PEEK  (poly  ether  ether  ketone)  polymer  which  is 
stable  in  all  relevant  electrolytes.  The  beam  attenuation  due 
to  the  PEEK  material  is  minor  in  comparison  to  the  X-ray 
absorption  in  the  electrolyte  solution.  Moreover,  there  are  no 
diffraction  patterns  from  the  PEEK  but  a  broad  band  at  ca. 
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Fig.  1.  The  electrochemical  cell  for  in  situ  X-ray  diffraction  using  syn¬ 
chrotron  light. 


Fig.  3.  The  electrochemical  cell  for  in  situ  X-ray  diffraction  using  a  standard 
laboratory  diffractometer. 
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Fig.  4.  In  situ  X-ray  diffraction  patterns  of  entirely  hexagonal  graphite;  elec¬ 
trolyte  1  M  LiPF6  in  EC/PC  (1:1,  w/w);  all  quoted  potentials  are  vs.  Li/Li+; 
OCP  =  open  circuit  potential. 

10°  only,  thus,  all  relevant  bands  from  the  graphite  (or  other 
materials)  can  be  analyzed. 

Fig.  4  shows  as  an  example  the  development  of  the  X- 
ray  diffraction  patterns  with  decreasing  potential  of  a  spe¬ 
cial  graphite  with  entirely  hexagonal  structure  (for  sample 
preparation  see  [5])  in  a  propylene  carbonate  (PC)  based 
electrolyte.  One  diffraction  pattern  was  recorded  within  ca. 
42  min  in  this  case.  No  shift  of  the  (0  0  2)  Bragg  reflection 
of  graphite  can  be  observed.  Peak  broadening  and  decrease 
of  the  peak  magnitude,  indicating  amorphization,  can  be  as¬ 
cribed  to  irreversible  graphite  exfoliation  showing  that  this 
process  takes  place  instead  of  lithium  intercalation. 


3.  In  situ  Raman  microscopy 

The  surface  of  graphite  electrodes  is  extremely  disorga¬ 
nized  on  the  micrometer  scale.  In  order  to  produce  the  opti¬ 
mum  graphite  electrode  a  better  evaluation  of  these  variations 
needs  to  be  undertaken.  The  La  value  is  an  important  param¬ 
eter  of  graphite  which  provides  a  measure  of  local  surface 
disorder  and  represents  the  length  of  the  graphene  crystal¬ 
lite  sheets.  It  is  derived  from  the  ratio  of  the  areas  of  the  G 
and  D  Raman  band  (the  ^2g  and  A\g  mode,  respectively)  and 
then  calculated  using  the  Tuinstra  and  Koenig  equation  [22] . 
(For  experimental  details  see  [23].)  The  volume  resolution 
of  confocal  Raman  microscopy  achieved  in  our  laboratory 
is  approaching  1  |jim3,  thus,  the  Raman  analysis  (ex  situ  and 
in  situ)  of  the  electrode’s  surface  heterogeneity  is  possible. 
Defects  on  the  surface  of  single  carbon  particles  can  be  vi¬ 
sualized  by  point  mapping  of  graphite  electrodes  with  a  high 
number  of  data  points.  Results  show  that  it  is  possible  to  “im¬ 
age”  electrodes  using  their  La  values  and,  therefore,  show  the 
correlation  of  La  with  the  morphology  of  the  surface  of  the 
electrode  (Fig.  5). 

In  Fig.  6,  we  show  the  schematic  drawing  of  the  in  situ 
Raman  cell  developed  by  us,  where  all  kinds  of  electroactive 
materials  can  be  used  as  test  samples.  The  cell  is  an  improved 
model  of  a  previous  design  described  elsewhere  [24] .  The  use 
of  electrodes  which  possess  a  small  hole  in  the  current  collec¬ 
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Fig.  5.  Raman  mapping  of  graphite  surface:  Image  of  a  graphite  sample 
(top)  and  spatial  distribution  plot  of  the  La  values  (bottom,  map  50  x  50 
points).  Bad  data  points  are  shown  in  white  (ca.  5%  of  spectra);  resolution 
approaching  1  |jim3. 

tor  permits  backside  viewing  of  the  working  electrode  and  so 
allows  measurements  next  to  the  optical  window.  This  results 
in  better  resolution  and  eliminates  problems  of  measuring 
through  the  electrolyte.  A  drop  of  the  electroactive  material 
(in  a  slurry)  is  placed  onto  a  pre-hole-punched  current  collec¬ 
tor  (hole  diameter  <1  mm),  dried,  and  weighed  (<1  mg  active 
mass).  The  cell  consists  of  a  lithium  or  oxide  counter  elec¬ 
trode,  a  separator,  and  a  “holed”  graphite  working  electrode. 
The  working  electrode  is  observed  from  the  rear  through  a 
thin  (0. 1  mm)  glass  optical  window.  An  arbitrary  area  of  the 
electrode  is  chosen  and  brought  into  focus.  The  image  of  the 
electrode  is  recorded,  and  the  CCTV  and  XYZ  table  working 


Fig.  6.  The  electrochemical  cell  for  in  situ  Raman  microscopy. 
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Fig.  7.  In  situ  Raman  spectra  of  the  first  lithium  intercalation  into  graphite. 
Single  point  measurement  under  confocal  conditions;  2-3  [xm3  resolution 
using  80  x  objective  with  HeNe  Laser  632.8  nm  with  ca.  1  mW  laser  power; 
300  s;  1  accumulation  per  spectrum;  electrolyte  1M  LiCICL  in  EC/DMC 
(1:1,  w/w);  all  quoted  potentials  are  vs.  Li/Li+. 


with  an  autofocus  unit  allows  strict  position  control  through¬ 
out  the  measurements.  The  spectra  in  Fig.  7  confirm  that  the 
signal-to-noise  ratio  of  useful  bands  in  single  point  (2-3  pan3 
resolution)  in  situ  Raman  spectra  is  very  good  even  if  only 
one  accumulation  per  spectrum  is  used  for  spectra  collection. 
The  Raman  signals  from  the  electrolyte  are  negligible. 

The  traces  shown  in  Fig.  7  illustrate  the  changes  observed 
in  the  in  situ  Raman  spectra  upon  lithium  intercalation  into 
graphite.  The  spectra  were  recorded  at  the  same  location  of 
the  electrode  surface  during  the  first  charging  half-cycle.  For 
the  lithium-free  carbon  both,  the  D  and  G  bands  are  clearly 
visible.  During  lithium  intercalation  (i.e.,  with  decreasing  po¬ 
tential)  the  G  band  shifts  to  higher  wavenumbers  and  splits 
in  two  components  in  agreement  with  the  observations  previ¬ 
ously  reported  [24-26].  A  disappearance  of  the  D  band  with 
decreasing  potential  of  the  carbon  was  observed  as  well. 


4.  Differential  electrochemical  mass  spectrometry 

With  the  differential  electrochemical  mass  spectrome¬ 
try  (DEMS)  technique  it  is  possible  to  detect  the  various 
gaseous  reaction  products  that  are  evolved  during  the  SEI 
film  formation  and/or  the  electrode  cycling  [8].  Hence,  inten¬ 
sity  changes  in  mass  signals  (mass-spectrum  cyclic  voltam- 
mograms,  MSCV)  can  be  detected  as  a  function  of  time 
and/or  potential  and,  thus,  can  be  correlated  with  current 
peaks  in  the  cyclic  voltammograms  (C V)  or  plateaus  on  gal- 
vanostatic  charging/discharging  curves.  The  amounts  of  ma¬ 
jor  gaseous  reaction  products  (typically  hydrogen,  ethylene, 
and/or  propylene)  are  rather  high.  However,  for  answering  the 
question  if  additional  gases  such  as  CO2  are  developed  dur¬ 
ing  the  cycling  of  lithium-ion  batteries,  the  previously  used 
DEMS  measurement  cell  [18,27]  had  to  be  considerably  im¬ 
proved.  The  new  measurement  system  shown  in  Fig.  8  is 
based  on  headspace  analysis.  The  gaseous  reaction  products 
are  pumped  off  continuously  from  the  top  of  the  electrochem¬ 
ical  cell  via  a  capillary  into  a  quadrupole  mass  spectrometer 
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Fig.  8.  The  electrochemical  cell  for  in  situ  DEMS. 

where  they  are  analyzed  on  line.  With  this  electrochemical 
cell  it  is  now  possible  to  identify  much  smaller  quantities  of 
gas.  Furthermore,  a  full  quantitative  gas  analysis  is  feasible. 
The  cell  can  also  be  adapted  for  measurements  at  elevated 
temperature  and  for  half-cell  as  well  as  full-cell  investiga¬ 
tions. 

As  an  example,  DEMS  results  showing  gas  evolution  on 
graphite  electrodes  during  the  SEI  formation  in  the  presence 
of  a  new  additive,  maleic  anhydride  (MA)  in  y-butyrolactone 
(GBL)  based  electrolytes  are  shown  in  Fig.  9.  (The  details  on 
the  MA  additive  are  published  in  [28].)  Hydrogen  and  carbon 
dioxide  were  detected  during  the  first  electrochemical  cycles. 
Hydrogen  is  observed  in  both,  MA  free  and  MA  containing 
electrolytes.  Thus,  the  evolution  of  H2  is  assigned  to  the  re¬ 
ductive  decomposition  of  GBL.  On  the  contrary,  the  CO2  gas 
was  detected  in  MA  containing  electrolytes  only.  The  reason 
for  the  large  amount  of  the  CO2  evolved  in  the  first  cycle 
is  most  likely  the  reductive  decomposition  of  MA  at  higher 
potentials  and,  in  addition,  the  decomposition  of  GBL  in  the 
presence  of  MA  at  lower  potentials.  In  the  second  cycle  the 
H2  evolution  is  stronger  but  the  development  of  CO2  does 
not  start  before  0.35  V  versus  Li/Li+  (Fig.  9).  Apparently,  the 
graphite  surface  is  more  active  in  the  second  cycle,  possibly 
due  to  an  amorphization  process,  resulting  in  a  more  positive 
decomposition  potential  for  GBL.  As  in  the  second  cycle  no 
more  CO2  is  evolved  at  higher  potentials,  the  MA  degrada¬ 
tion  seems  to  be  completed.  The  remaining  CO2  production 
originates  from  the  GBL  degradation  [28]. 
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5.  In  situ  infrared  spectroscopy 

A  method  highly  complementary  to  DEMS  is  in  situ  in¬ 
frared  spectroscopy.  Due  to  its  molecular  specificity  it  is 
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Fig.  9.  In  situ  DEMS  experiment  showing  first  two  cycles  of  a  graphite 
electrode  in  the  electrolyte  1  M  LiBF4  in  GBL  +  2%  MA  (bottom,  CV;  top 
and  center,  two  MSCVs;  bold  lines,  first  cycle;  thin  lines,  second  cycle). 
The  MSCVs  exhibit  mass  signals  m/z  =  44  and  m/z  =  2,  representing  carbon 
dioxide  and  hydrogen,  respectively.  The  scan  rate  was  0.4  mV  s-1 . 
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Fig.  10.  The  electrochemical  cell  for  in  situ  infrared  spectroscopy  with  the 
working  electrode  shown  in  the  position  back  from  the  optical  window. 

thin  layer,  one-compartment  cell  with  the  working  electrode 
pushed  against  the  optical  window.  The  cell  is  installed 
in  the  FTIR  spectrometer  with  the  surface  of  the  working 
electrode  in  a  horizontal  position.  Thus,  the  amount  of  the 
electrolyte  is  minimized.  The  construction  details  of  the  cell 
are  the  same  as  published  by  us  elsewhere  [18,30]  but  the 
decisive  innovation  is  the  use  of  an  ATR  crystal  (made  from 
ZnSe  in  our  case)  as  the  optical  window.  In  our  arrangement 
five  reflections  can  be  used  increasing,  thus,  the  sensitivity 
significantly.  The  working  electrode  is  a  mechanically  pol¬ 
ished  glassy  carbon  (GC)  disc,  optionally  spray-coated  with 
a  thick  layer  of,  e.g.,  graphite  with  binder.  Alternatively,  the 
working  electrode  is  made  from  any  suitable  polished  metal. 
The  potential-dependent  changes  at  the  electrode/electrolyte 
interface  and  in  the  thin  electrolyte  layer  between  the 
electrode  and  the  optical  window  are  visualized  by  plotting 
Re/Rq,  where  Re  is  the  single  beam  spectrum  recorded 


highly  suitable  for  the  analysis  of  interface  processes  like  SEI 
formation.  Two  major  challenges  are  faced.  Firstly,  the  elec¬ 
trolyte  solution  strongly  absorbs  infrared  light.  Thus,  thin- 
layer  external  reflectance  or,  alternatively,  internal  reflectance 
techniques  must  be  used  [18].  Secondly,  there  is  a  problem  of 
sensitivity  if  very  low  absorptions  from  species  on  or  near  an 
electrode  have  to  be  detected.  This  problem  can  be  overcome 
by  subtracting  spectra  recorded  at  different  potentials.  Under 
optimum  conditions  the  sensitivity  of  infrared  detection  of, 
e.g.,  CO2  is  much  higher  then  with  the  DEMS  [29]. 

Our  experimental  approach  is  based  on  the  SNIFTIRS 
(Subtractively  Normalized  Interfacial  Fourier  Transform 
Infrared  Spectroscopy)  technique.  A  hermetically  sealed 
spectro-electrochemical  cell  designed  for  measurements  in 
water  and  oxygen-free  environment  is  used  (Fig.  10).  It  is  a 


I  1—  1  T-»  •  r  I  '■"•N 

2000  1800  1600  1400  1200  1000  800  600 


Wavenumber  /  cm'1 

Fig.  1 F  In  situ  infrared  spectra  (SNIFTIRS- ATR)  from  a  polished  GC  elec¬ 
trode  ( d-  13  mm)  in  the  electrolyte  1  M  LiC104  in  GBL.  The  scan  rate  was 
0.2  mV  s_1 ;  all  quoted  potentials  are  vs.  Li/Li+.  The  spectra  were  arbitrarily 
shifted  on  the  vertical  scale. 
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at  the  working  electrode  potential  and  Ro  the  background 
single  beam  spectrum  recorded  usually  at  the  open-circuit 
potential.  In  Fig.  11a  typical  result  is  shown  -  the  potential 
dependence  of  the  SNIFTIR  spectra  for  the  reduction  of 
GBL  with  1  M  LiClCU.  Positive-going  and  negative-going 
bands  represent  a  decrease  or  increase,  respectively,  in  the 
concentration  of  species  at  the  electrode  or  in  the  thin  elec¬ 
trolyte  layer  between  the  electrode  and  the  optical  window. 
The  assignment  of  the  bands  is  discussed  in  Ref.  [28]. 
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